We have fabricated low-dark-current InGaAs photodetectors utilizing an epitaxial structure incorporating an InAlGaAs passivation layer and a simple mesa isolation process, and requiring no implant or diffusion steps. At 295 K, areal and perimeter dark current contributions are 15 nA/cm 2 and 9 pA/cm, respectively, in devices with large aspect ratios biased at -0.1 V. High responsivity was achieved even at zero bias in these devices. Devices were modeled using a commercial drift-diffusion simulator. Good fits to reverse dark current-voltage measurements were obtained using a model that included both bulk and interfacial generation mechanisms. Assuming similar electron and hole Shockley-Read-Hall lifetimes, dark current under small reverse bias are consistent with generation at the interface between the absorber and underlying layers. With increasing negative bias a large increase in dark current is associated with depletion near the InAlGaAs/absorber interface, while small increases in current at large reverse bias suggest long Shockley-Read-Hall lifetimes in the absorber. Forward biasing of these devices results in efficient injection of minority carrier holes into the absorber region, mimicking photogeneration and providing a method to predict the performance of illuminated detector arrays.
INTRODUCTION
InGaAs photodetector arrays with low dark current are useful for short-wavelength infrared imaging applications, where they complement thermal infrared imaging and are capable of functioning under low-ambient conditions. 1 An important requirement for achieving low dark current operation is passivation of InGaAs surfaces, which otherwise exhibit high conductance. In state-of-the-art devices, this is typically achieved through the use of InGaAs/InP heterostructure designs that have no exposed InGaAs surfaces, with definition of individual pixels achieved by means of dopant diffusion or implants to form buried p-n junctions near the top InGaAs/InP interface. [2] [3] [4] We recently demonstrated an alternate method of fabricating InGaAs detectors with low dark current without the use of doping implants or diffusions. 5 In this approach, we used a concept similar to that now being employed in longer-wavelength detectors using "barrier" materials having bandgaps larger than the absorber material, such as the nBn device. 6, 7 A critical difference is that for the InGaAs detectors, there are no lattice-matched, large-bandgap materials having minimal valence band discontinuity with respect to InGaAs that would allow an exact analogy to the nBn design. Instead, compositional grading of a layer between the InGaAs absorber and an InAlAs barrier is used to insure continuity of the valence band to avoid impeding the collection of photogenerated holes. Definition of individual pixels is accomplished by a simple process of etching p-type contact mesas above the InAlAs barrier layer, so that the InGaAs remains completely buried as in InGaAs/InP designs. In our current work, we utilize a combination of electrical testing and numerical simulation to characterize these devices, thereby better understanding material properties and the sources of dark current, while also revealing opportunities for improving device performance. Section 2 outlines device epitaxial design, fabrication, measurement and simulation techniques. Section 3 presents measurement and simulation results, and the results are discussed in Section 4. ) InGaAs contact layer.
Two types of devices were fabricated using epitaxial material from the same wafer. The first were square devices having 200-500 μm edge length, while the second were arrays of linear devices with a length of 1000 μm and pitches of 12.5 to 50 μm. For the linear devices the gap between adjacent mesas was 2-4 μm. Mesas were formed by selectively etching the p-type InGaAs layers with a 1:1 solution of citric acid:H 2 O 2 (1 g anhydrous citric acid to 1 ml deionized water (DI):30% weight H 2 O 2 ), and stopping at the interface with the InAlAs passivation layer. Contacts of PdNiAu were made to the p ++ and absorber layers using electron beam evaporation and liftoff. For absorber contact fabrication, the InAlAs barrier and top 180 nm of the absorber were first removed using a solution of 1:4:45 H 3 PO 4 :H 2 O 2 :DI. For the linear devices, the addition of bond pads required the deposition of 300 nm of SiO 2 by plasma-enhanced chemical vapor deposition (PECVD), with subsequent patterning using reactive ion etching (RIE), followed by patterning and deposition of bond pad metal. Fig. 1 represents the epitaxial layers and mesa structure of a square device. Current-voltage measurements were performed at temperatures from 265-295 K. For the linear devices, dark current measurements were performed by simultaneously biasing a large number of adjacent devices while measuring the current only in devices near the center of this group, effectively using the adjacent devices as guards. The square devices were unguarded. Photocurrent measurements were made with illumination provided by an unfiltered incandescent source. Further current-voltage measurements on linear devices using a combination of forward-and reverse-biased mesas are described below.
Devices were modeled using a commercial 2-dimensional numerical drift-diffusion simulator. Common material parameters such as effective masses, mobilities, and bandgaps were obtained from the literature, while Shockley-ReadHall (SRH) lifetimes and interface recombination velocities were used as fit parameters. In this model, a single SRH lifetime was assumed to be applicable for both electrons and holes in all InGaAs regions, while a different single lifetime was used for electrons and holes in the graded InAlGaAs and InAlAs regions. Radiative recombination was also included. The interface between the InGaAs absorber and InP substrate (including graded InAlGaAs and epitaxial InP layers) was modeled as a contact with finite hole recombination velocity, which was also a fit parameter. The simulated doping concentration in the 5 nm n + doping spike at the absorber/graded InAlGaAs interface was also varied slightly to improve the fit. 
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CURRENT-VOLTAGE CHARACTERISTICS
Square devices
Typical 295 K dark and illuminated current-voltage characteristics for a 500 × 500 μm 2 device are shown in Fig. 2 . A current plateau is observed for biases between approximately -0.07 and -0.2 V, while current increases rapidly between -0.25 and -0.75 V, and slowly again for larger reverse bias. The photocurrent for an illuminated device is nearly flat from 0 to -2 V, with a value at -0.1 V of more than 90% of value at -2 V. At -0.1 V, the dark current density is 10 nA/cm 2 .
Simulated dark current-voltage characteristics generated by fitting the drift-diffusion model to these experimental results are also shown. The simulation in this case is essentially one-dimensional, and so does not include collection of holes from outside the area defined by the p + mesa. In the bias region between 0 and -0.3 V, the simulated dark current is nearly independent of bias, and is sensitive primarily to the recombination velocity at the absorber/substrate interface. The dark current density in this bias region dictates a value of approximately 2000 cm/s for this recombination velocity.
With the application of greater reverse bias, the n + layer at the interface between the absorber and graded InAlGaAs layer (near the barrier) becomes depleted, and SRH generation in the smaller-bandgap portion of the InAlGaAs grade leads to a large rise in the dark current. This step occurs at a bias of approximately -0.5 V. The voltage at which this step occurs is affected by the doping level in the n + layer, with the best fit obtained for a model value of 6 × 10 17 cm -3 , which is close to the nominal value of 7 × 10
17
. The magnitude of the current step determines the InAlGaAs SRH lifetime model parameter, with a value of 95 ns.
With the application of even larger reverse bias, the depletion region extends into the InGaAs absorber. Here, additional dark current is contributed by the increased rate of absorber SRH generation as depletion occurs. The slope of the dark current in the -0.8 to -2 V region determines the InGaAs SRH lifetime parameter, with a best-fit value of 7 μs. Mesa Perimeter / Area (cm1)
The device size dependence of the dark current density is illustrated in Fig. 3 , which shows dark current at -0.1 V divided by mesa area versus mesa perimeter-to-area ratios for 65 square devices with 200, 300, and 500 μm mesa sides.
A linear fit to the data allows separation of dark current into contributions related to the area and perimeter of the device mesas, and yields values of approximately 8 nA/cm 2 for the areal component and 18 pA/cm for the perimeter component. Because these devices are unguarded it is likely that at least some of the perimeter component arises from the lateral collection of holes generated in areas of the absorber outside the mesa perimeter and diffusing to the mesa edge. If we assume that all of the perimeter current is attributable to this lateral collection, we calculate that holes are collected over a distance of approximately 22 μm from the mesa edge. 
Linear devices
Typical 295 K current-voltage characteristics for linear devices are shown in Fig. 4 . For devices with 50 μm pitch, the shape of the I-V characteristics fairly closely resembles that of the square devices, while devices on a closer pitch lack the clear plateau near -0.2 V and the sharp rise at slightly greater reverse bias seen in the large square devices. For these devices, we performed linear fits to the dark current/area versus perimeter/area ratios for a large number of reverse bias points. At each bias, a fit includes multiple devices with pitches of 12.5, 25, and 50 μm and yields values for the areal and perimeter current densities at that bias point. In contrast to the square devices, the linear devices are substantially guarded, since the spacing between adjacent mesas is significantly less than the expected hole diffusion length, and we have used the array pitch rather than mesa width to define the effective device size. This implies that the values extracted for the perimeter current densities represent a parasitic leakage component, and should not include a large component of current associated with lateral hole diffusion. Fig. 5 shows the extracted values for areal and perimeter current densities for these devices. The areal component exhibits a bias dependence similar to the bias dependence of the total current of the larger square devices, although the plateau around -0.2 V is less distinct. In contrast, the perimeter current exhibits a sharp dip at a bias of -0.8 V, which is the voltage where the depletion region begins to extend into the lightly-doped absorber region. At a bias of -0.1 V, the areal and perimeter current densities are 15 nA/cm 2 and 9 pA/cm respectively. 
Temperature dependence
The temperature dependencies of the areal and perimeter components of the dark current density for the linear devices at a bias of -0.1 V are shown in Fig. 6 . Assuming a temperature dependence of the form T 3 exp(-E/kT) for the areal component of current, where k is the Boltzmann constant, yields a best-fit activation energy E of approximately 0.57 eV, which is somewhat less than the InGaAs bandgap over this temperature range. The perimeter component of the current has an even smaller and significantly temperature-dependent activation energy. For 1000 × 12.5 μm 2 devices at 295 K, the perimeter and areal components contribute nearly equally to the total dark current, while at 265 K the contribution of the perimeter component is nearly three times the areal component. Due to their smaller perimeter/area ratio, 1000 × 50 μm 2 devices are dominated by the areal component across the entire temperature range. 
Hole injection experiment
Simulations indicate that, under forward bias, hole injection from the p + region into the n absorber is highly favored over electron injection from the absorber to the p + layer. This provides an opportunity for investigating hole transport in the absorber, which enables an assessment of properties that bear directly on device parameters such as quantum efficiency and modulation transfer function (MTF), without the need for optical measurements. Fig. 7 shows a cross section of the geometry used for this experiment with an array of linear devices. In this configuration, one stripe in the array is forward biased with respect to the absorber, while a small reverse bias is applied to adjacent stripes on both sides of the forwardbiased stripe. Holes injected by the central stripe recombine in the absorber, or at the surface or interfaces, or are collected by the nearby reverse-biased stripes. In essence, this configuration constitutes a pnp lateral bipolar transistor with the central stripe serving as the emitter, the absorber as the base, and adjacent stripes as collectors. The efficiency of collection of the injected holes by the reverse-biased stripes is a function of the device geometry, hole diffusion length in the absorber, the absorber/buffer interface and surface (not included in our model) recombination velocities, and the epitaxial design. Using the model parameters determined from fitting the dark current of the square devices, we compare experimental and simulated current-voltage characteristics for linear arrays with 12.5 μm pitch in Fig. 8 . Currents for the central emitter stripe, nearest-neighbor and next-nearest-neighbor collector stripes, and absorber base are shown as functions of the bias applied to the emitter stripe. Collector stripes were biased at -0.1 V. Due to limitations of our test setup we measured currents for one nearest-neighbor and one next-nearest-neighbor collector stripe, rather than collectors on both sides of the emitter. One-half of the measured emitter and base currents are therefore plotted to properly account for the device symmetry. Measured and simulated results for emitter current and nearest-neighbor collector currents agree closely up to a bias of 0.15 V, supplying evidence for the validity of the model parameters determined previously. At higher biases the simulated currents for these terminals are all lower than the experimental results by approximately the same factor (less than 2), indicating some degree of inaccuracy in the model with respect to the emitter characteristics. The current collected by the next-nearest-neighbor collector stripe is experimentally more than a factor of 10 greater than that predicted by the simulation, but still more than two orders of magnitude less than that of the nearest-neighbor collector. We believe this discrepancy may be the result of holes injected and collected near the ends of the stripes (a fringing effect), where the 3-dimensional nature of the devices is not represented in the simulation. The measured ratio of collector to emitter current is 0.74, demonstrating a long effective lateral diffusion length in these devices. The bulk hole diffusion length in the absorber calculated from the lifetime of 7 μs and an assumed mobility of 300 cm 2 /Vs is approximately 70 μm. From the simulation, recombination at the absorber/buffer interface accounts for more than 90% of the total recombination in the device, while radiative and SRH recombination in the bulk of the absorber and in the InAlGaAs between absorber and top p + layer are minimal.
DISCUSSION
Comparison of square and linear devices
Our measurements indicate that the areal component of dark current density at 295 K is somewhat lower for large square devices (8 nA/cm 2 ) than for the linear devices (15 nA/cm 2 ). Given that epitaxial material from the same wafer was used for both, it is unlikely that this difference results from variations in the unprocessed epitaxy. One significant difference in the processing of the linear devices is the deposition and patterning of SiO 2 by PECVD and RIE, respectively, which suggests some possibility of the introduction of dark-current-producing defects into the epitaxial material by these processes. Alternatively, this difference may represent a weakness of the simple areal/perimeter current component extraction method we have employed to represent the dark current in these devices. Finally, although it is insufficient to account for a large fraction of the discrepancy, a small contribution to the apparent areal component of current may result from the lack of guarding at the ends of the stripes, similar to the fringing effect observed in the hole injection experiment.
In contrast, the perimeter component of the dark current density in the linear devices is significantly lower than in the square devices. Much of this difference is likely to be the result of the lack of guarding in the square devices, which results in dark current from areas outside the mesa appearing as a perimeter component in our analysis. The temperature dependence of the perimeter current in linear devices suggests that it may arise from more than a single simple defectrelated mechanism, since it does not have a single activation energy.
Comparison of diffusion length estimates
Estimates of the hole diffusion length obtained from analysis of the size dependence of the square devices (~22 μm, equal to the lateral collection distance calculated in section 3.1) and fitting of the square device dark current-voltage characteristics (70 μm from section 3.4) also differ significantly. This is not surprising, given that the bulk InGaAs diffusion length derived in section 3.4 from the model parameters ignores the effect of the absorber back interface recombination, which will act to shorten the actual diffusion length in the device. Simulation of devices of various sizes enables the calculation of an effective lateral collection distance for the model in a manner similar to its experimental determination. The simulated lateral collection length determined in this way is 7-8 μm. This suggests that not all of the perimeter component of dark current in the square devices can be attributed to lateral collection, but that as much as ~70% of this current may arise from a separate mechanism not included in our model. An equivalent, but perhaps simpler way of viewing this is that the difference in the perimeter component of the current densities at -0.1 V between the square devices (18 pA/cm) and the model (7-8 pA/cm) is 10-11 pA/cm, which is similar to the perimeter component of current density in our linear devices. We previously identified this as a parasitic current distinct from lateral collection, and therefore provides a degree of consistency to our observations. We have also further examined the effect of our assumption of equal InGaAs electron and hole SRH lifetimes, and found that the I-V characteristics for both square and linear devices (including the injection/collection experiment) could be fit equally well for other combinations of lifetimes and interface recombination velocities. For example, in the limit of zero interface hole recombination velocity, a good match was obtained between the square device data and a 1-D model with InGaAs electron and hole lifetimes of 20 and 0.1 μs, respectively, for which the calculated bulk hole diffusion length is approximately 9 μm. In this case, since the interface hole recombination velocity is zero, the calculated bulk diffusion length is expected to be much closer to the effective diffusion length in the device. It appears that in these devices with thin absorbers, the interface hole recombination velocity and absorber bulk hole SRH lifetime are not easily separable parameters, although based on our observations we expect that different combinations of lifetimes that fit the dark current characteristics will generally yield similar effective diffusion lengths in the device. This appears to imply that device performance predicted by the model will be relatively unaffected by the inability to determine a unique set of lifetime parameters.
Simulation of illuminated performance
The performance of illuminated devices of nearly arbitrary geometry may be estimated by simulation, using the parameters determined by fitting to the experimental current-voltage characteristics. As an example, we simulated devices with InGaAs absorbers of varying thickness to assess the effects of absorber thickness on quantum efficiency. Assuming substrate-side illumination, perfect anti-reflection coating, and negligible substrate losses and reflection at the substrate-epi interface, we obtained estimated external quantum efficiencies at a wavelength of 1400 nm of 0.83 and 0.90 for 2 and 4 μm absorbers, respectively. An absorption coefficient of 10 4 cm -1 was assumed. 8 Dark current, if it is dominated by generation at the substrate/absorber interface, is essentially independent of absorber thickness, so under that assumption the structure with the thicker absorber should have superior performance. Other device parameters such as MTF may be obtained in a similar manner. In Fig. 9 , we show the simulated density of photogenerated holes for a device that is back side illuminated with a beam focused on one stripe. Terminal currents from simulations under various illumination profiles may be used for generation of the MTF. Pixel Pitch (µm) Figure 9 . Simulated photogenerated hole density in an array of reverse-biased linear devices. Substrate-side illumination is focused on a single stripe. The long axes of the stripes are normal to the plane of the simulation. Half of a five-stripe array is shown.
Comparison to state of the art
The independent determination of areal and perimeter dark current density components for the linear devices allows estimation of total dark currents for arrayed pixels of arbitrary geometry. Of particular interest are small square pixels as would be employed in a typical focal plane array. Fig. 10 shows estimated total dark current density (total pixel current divided by pixel area) as a function of pixel size for such an array at 295 K, along with representative room-temperature results from the literature since 2008. [2] [3] [4] [9] [10] [11] [12] [13] [14] [15] To the best of our knowledge, all other results were obtained with devices employing an InP/InGaAs/InP epitaxial structure with diffused p-type top contacts, as opposed to our etched-mesa approach. Figure 10 . Estimated 295 K dark current densities for small arrayed square pixels, based on areal and perimeter current densities for our linear devices. Values for diffused devices reported in the last several years are shown for comparison. [2] [3] [4] [9] [10] [11] [12] [13] [14] [15] Perimeter and areal components are equal at a pixel pitch of about 25 μm for our devices, where the total current density is approximately 30 nA/cm 2 . At a pitch of 10 μm, the perimeter component constitutes approximately 70% of the total current. Overall, our devices have total current densities that are factors of ~2 to ~20 higher than the reported diffused devices of similar size. Given that most references did not separately report areal and perimeter current components, it is difficult to directly compare these. It is clear, however, that in our devices both the areal and perimeter components of current will need to be substantially reduced to equal the performance of the best diffused devices.
Areas for further investigation
Based on our analysis, dark current at -0.1 V may be dominated in large devices by generation at the substrate/absorber interface, which in our epitaxial design includes a graded InAlGaAs layer to provide continuity of the conduction band for improved electron transport. This seems reasonable given the typically lower quality of Al-containing III-V materials, and the likelihood of an imperfect transition from P to As materials at that interface. 15 For the normally low current densities in these devices, high conductivity at this interface is not a critical requirement, so further experiments with the epitaxial design and growth procedures near this interface would be helpful in validating our model and perhaps reducing the areal component of dark current. Similarly, although our model does not reveal the transition between InGaAs absorber and InAlAs passivation layer to be a source of significant areal dark current at low bias, some experimentation with that region of the epitaxial structure may be useful in reducing the perimeter component of current. The fact that the devices have high responsivity at slightly positive bias implies that some degree of increase in required bias that might be required with a different transition design may be tolerable.
Validation of our simulation model by examining other epitaxial and fabrication designs would be desirable. Verifying the dominance of dark current generation at the substrate/absorber interface will be an important component in optimizing these devices. The invariance of low-bias dark current to absorber thickness would be a clear signature of interface-dominated dark current. Additional simulations may be useful in better understanding the origin and biasdependence of the perimeter component of dark current in the linear devices.
The increase of the areal component of dark current in linear devices over the square devices requires further examination as well, and could be accomplish by a comparison of large-area devices fabricated using a process similar to the one employed for the linear devices. Similarly, dielectric quality could be a factor in the residual perimeter current, and may be significantly influenced by the choice of dielectric material as well as deposition and patterning processes.
CONCLUSIONS
We have utilized a new epitaxial design to enable the fabrication of InGaAs photodetectors with low dark current. Passivation was achieved by employing a large-bandgap InAlAs layer to avoid exposure of absorber surfaces. Compositional grading between the InGaAs and InAlAs enabled the collection of photogenerated holes at zero bias. Pixel definition was achieved through the etching of mesas in the p + layer above the InAlAs layer, avoiding the need for implant or diffusion steps in the process. Measurement of the current-voltage characteristics of devices of different sizes enabled the extraction of areal and perimeter current density components. We found that linear devices with relatively large perimeter/area ratios and including plasma-processed dielectric had areal current densities that were substantially higher than large-area devices without dielectric, and tentatively ascribed the difference to plasma damage. A numerical drift-diffusion model was developed with parameters determined from characteristics of large-area devices. Model predictions for linear devices operated in a hole injection/collection configuration agreed well with measurements. While extrapolated dark current densities for small pixels are ~2-20 times higher than recently published data for high-quality diffused devices, we have identified several areas for improvements in device epitaxy and processing that may yield substantially better device performance.
